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Plame syntliesis of metal salt nanopaarticles, in paarticu- 
lar calcium and piiospb.ate coznprising nanoparticles 

Teclmical Field 

This application relates to fine metal salt 
particles and a method for producing same by means of 
flame spray pyrolysis, in particular calci-um and phos- 
phate containing particles. 

Backgroimd Art 

Flame spray pyrolysis" currently established 
itself as a suitable method for the preparation of nano- 
particles, most notably, oxides containing main group and 
transition metals*^.. It has rapidly evolved into a scal- 
able process to oxide nanoparticles for catalyst prepara- 
tion"^*'*^^ and industrial- scale flame-aerosol synthesis to- 
day produces megaton quantities of carbon, silica, and ti- 
tania. Experimentally, the flame spray reactors consist 
of a capillary surrounded . by a narrow adjustable orifice 
(see Fig-. 1.) . The precursor liquid is dispersed at the 
tip resulting in a well-defined spray.. The surrounding 
methane /oxy-gen supporting f 3 ame Ignites the spray and the 
flame converts the precursor to the corresponding materi- 
als . 

For many applications nanoparticulate materi- 
als are desired. Such materials comprise calcium phos- 
phates such as tricalciuirrphosphates but also apatites. 
Calcium phosphate biomaterials have ' attracted a tremen- 
dous interest in clinical medicine. Both hydroxyapatite 
(HAp or OHAp, Caio (PO4) 6 (OH) 2) and tricalcium phosphate 
(TCP, Ca3(P04)2) exhibit excellent bio compatibility and 
osteoconductivity^'^. They are widely used for reparation 
of bony or periodontal defects, coating of metallic '-im- 
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plants and bone space fillers. However, traditional meth- 
ods (precipitation, sol-gel synthesis, hydrothermal 
method or solid-state reactions) ^'^"^ suffer from a lim- 
ited range of accessible materials and morphology. Wet- 
5 phase preparation generally requires time and cost inten- 
sive post treatments such as washing and drying. Solid- 
state 'reaction involves prolonged sintering and therefore 
results in low specific surface area powder. The rather 
dense materials display a lack of microporosity , reduce 

10 contact to the body fluid and hinder resorption in vivo. 

Recently reported preparation methods com- 
prise, plasma sparaying^ and pulsed laser deposition ' . 
Tliey have resulted in advantageous _ coatings on implant ■ 
surfaces. Moreover, amorplious calcium phospliates liave 

15 shoirtm to result in improved resorption properties^~^^ and 
are promising materials for self-setting cements" making, 
tliem a. most, valuable target. 

All ttiese methods, however, have several 
drawbacks. Uiey either lead to mixtures that can not be 

2 0 separated or only with considerable effort, and/ or they 
lead to a too dense material, and/or they cannot be ap- 
plied for bulk synthesis, and/or they are not usable in 
large scale production. Thus there is still a need for an 
iirproved production, method allowing the production of 

25 pure materials, preferably also in large scale produc- 
tion, and an. improved material obtainable by such method- 

Disclosure of the Invention 

30 

Hence, it is a general object of the inven- 
tion to provide a method for the production of metal 
salts, wherein the anionic group is selected from phos- 
phates, borates, silicates, sulfates, carbonates, hydrox- 
35 ides, fluorides and mixtures thereof, in particular nano- 
particulate metal salts, preferably metal salts wherein 
the metal is selected from groups 1, II, HI, IV metals. 
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the 3d transition metals, the lanthanoids (rare earth 
group) predominantly occuring in oxidation states II and 
III, but optionally also in oxidation state I or IV, and 
mixtures of the mentioned metals . Since all the above 
5 mentioned metals usually have oxidation states I to IV, 
they are further on considered to be encompassed by the 
• teirm "group I to IV metals". Other metals can be present 
depending on the type of salt and area of application. In 
some cases, doped salts or mixtures or different salts 
10 are preferred. 

Another object of the present invention was 
to provide nanoparticulate, optionally percolating metal 
salts . 

Yet another object of the present invention 
15 was to provide uses for such metal salts . 

Now, in order to implement these and still 
further objects of the invention, which will become more 
readily apparent as the description proceeds, the method 
is manifested by the features that a mixture of at least 
20 one metal source that is a metal carboxylate with a mean 
carbon value per carboxylate group of at least 3 and. at 
least one anion source is foarmed into droplets and that 
said droplets are oxidized in a high temperature environ- 
ment-.. 

2S In preferred metal salts the metal comprises 

calcium. Much preferred are metal salts with a high cal- 
cium content of at least 80 atom-% calcium (sum of all 
cations is 100 atoin-%) , preferably at least 90%, most 
preferably at least 95 %. 

30 The sum of cationic metals may comprise fur- 

ther Group I-IV metals, preferably metals selected from 
the group consisting of sodium, potassium, magnesium, 
zinc, strontivm and barium, rare earth metals, in par- 
ticular gadolinium, and mixtures of two or more of said 

35 metals. 

Preferably the sum of anionic groups com- 
prises anionic groups selected from phosphates, sulfates. 
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borates, hydroxides , carbonates, fluorides and mixtures 
thereof in amounts of at least 80 mole-% of the teoreti- 
cally calculated necessary amount of anions if electron 
neutrality in the salt is assimied, preferably at least 90 
5 %, more preferred at least 95 %. Most preferred are pure 
materials wherein more than 98 % or even 99 % of all 
negative charges in the salt are covered by one of the 
above anions. In much preferred compounds at least part 
of the anionic groups are phosphates, whereby compounds 

10 with a metal: phosphate molar ratio of 3:1 (e.g. NasPOA) 
to 1:1 (e.g. AIPO4, enamel) are preferred - 

The method of the present invention is espe- 
cially suited to produce a metal salt selected from the 
group consisting of amorphous tricalciuirrphosphate, alpha- 

15 tricalciumphosphate, beta-tricalciumphosphate, apatites 
and mixtures thereof. 

- Preferred apatites that are producible by the 
above method in high purity have the f onccula 
Caio(P04)6(OH)2xF2y(C03)2: whereby .x, y and z each range 

20 from 0 to 1 and the sum of x + y + r is 1.. Although z can 
vary from 0 to 1, dependent on the application specific 
ranges, may be preferred. For e.g. medical applications, 
carbonate can be advantageous. The carbonate content in 
apatites can e.g. be 3-8 wt% carbonate measured by ther- 

25 mographimetric analysis . The CO2. detection can. be done by 
a differential scanning calorimeter coupled to a mass- 
spectrometer. 

The method of the present invention has been 
found suitable for the production of very piire products, 

30 such as phase pure amorphous tricalciumphosphate, alpha- 
tricalciuicrphosphate or beta-tricalciuinphosphate, or tri- 
calciuirrposphate poor or even tricalciumposphate free apa- 
tites. The purity of the compound formed that can be 
achieved is in the range of at least 9 6% by weight, pref- 

3 5 erably at least 9 8 % by weight, most preferred at least 

99% iyy weight. Preferred products that can be obtained in 
high purity comprise amorphous tricalciumphosphate, al- 
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pha-tricalciumphosphate or beta-tricalciunpliospliate or 
hydroxirapatite or fluorapatite or hydroxyf luorapatite. 

As mentioned above, the metal soTirce is a 
metal carboxylate with a mean carbon value per carboxy- 
5 late group of at least 3, preferably at least 4, imicli 
preferably at least 5/ and most preferred between 5 and 
8 . Preferably, the metal carboxylate is selected from the 
group consisting of CI to CIS carboxylates and mixtures 
thereof, more preferably C4 to C12 carboxylates and mix- 

10 tures thereof / much preferably C5 to C8 carboxylates and 
mixtures thereof, in particular octoates such as 2- 
ethylhexanoic acid salts . 

The metal carboxylate (s) and the one or more- 
anion source (s), i.e. the phosphate and/or one or more 

15 other anion (s) or anions precursor (s) comprising droplets 
are preferably oxidized in a flame. 

Prior to being formed into droplets, the 
metal carboxylate usually has a viscosity of at most 100 
mPas, preferably at most .40 mPas, more preferably at most 

20 20 mPas . If the metal carboxylate does not have such vis- 
cosity, such viscosity may be obtained, by heating and/or 
by providing a mix of the at least one metal carboxylate 
and at least one viscosity reducing solvent. 

Suitable viscosity reducing solvents may com- 

25 prise one or more acids . While viscosity reducing sol- 
vents may consist of one or more acids, often 50 %• w/w 
total acid{s) or less may be used and in some cases acids 
are neither needed nor desired. Preferred acids are CI to 
CIO carboxylic acids. 

30 The solvent may comprise at least one low mo- 

lecular weight and/or low viscosity apolar solvent, in 
particular an aromatic or aliphatic, unsubstituted, lin- 
ear or branched hydrocarbon, preferably a solvent se- 
lected from the group consisting of toluene, xylene, 

35 lower aliphatic hydrocarbons and mixtures thereof. 



The anion source is selected in view of suf- 
ficient soliibility in tlie above defined solvent. Suitable 
anion sources comprise 

- a pbosphate source selected from inorganic 
phosphorous coirtpounds and/or organopbosphorous conqpounds 
soluble in solvents or solvent mixtures having a combus- 
tion enthalpy of at least 13 kj/g, preferably at least 
22.5 kj/g, most preferred at least 25.5 kJ/g, in particu- 
lar phosphoric acid and/or organic esters of phosphoric 
acid and/or phosphines, in particular phosphorous com- 
pounds constituting solvents or leading to solvent mix- 
tures with the above-mentioned properties, and/or 

- a fluoride source being a fluoride, deriva- 
tive of an organic coinpound, said fluoride derivative be- 
ing soluble in the above defined solvent or solvent mix- 
ture, in particular trif luoroacetic acid, and/ or 

- a silicate source selected from organic 
silicates and/or organosilicon compounds solxible in the 
above defined solvent or solvent mixture, in particular 
tetraethyl silicate, and/ or 

- a. sulfate, source selected, from organic sul- 
fur containing, compounds and/or sulfuric: acid, said sul- 
fate source being soliible in the above defined solvent or 
solvent mixture, in particular dimethyl sulfoxide (DMSO) 

- a carbonate source, selected from any or- 
ganic carbon source, such as hydrocarbons, carboxylic ac- 
ids, alcohols, metal carboxylates and. mixtures thereof . 

If metal carbonates shalL be produced, the 
metal carboxylate used as metal source can simultaneously 
act as anion source, whereby the cool-down process (resi- 
dence time of the particle containing off-gas at specific 
temperatures) is relevant for the purity. 

Suitable apparatus for performing the flame 
oxidation are spray burners or in particular oil 
burners . 

Usually the oxidation is performed at a tem- 
perature of at least 600°C, preferably at least 800°C, 
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more preferably at least 1000 °C and most preferably in a 
range of 1200 to 2600°C, in particnlar at about 1600 °C- 

A suitable method for preparing the metal 
carboxylate starts from a metal oxide, a metal hydroxide, 
5 a metal carbonate, a metal halide, such as a chloride or 
bromide, or a metal lower alkyl oxide, in particular a CI 
to C4 al]cyl oxide. For good results the enthalpy of the 
metal carboxylate or the metal carboxylate comprising so- 
lution should be at least 13 kJ/g, preferably at least 18 

10 kJ/g, more preferred at least 22.5 kJ/g and most pre- 
ferred at least 25.5 kJ/g. 

Zt is possible to get a high production rate 
if the solution comprises metal carboxylate (s) in an 
amount corresponding to. at least 0.15 moles metal per li- 

15 ter, and anion source ( s) in an amoimt corresponding to at 
least 0.05 moles anionic groups per liter. It is, how- 
ever, also possible to make the solution up to 10 times 
more concentrated, whereby concentrations of about 0.8 to 
2 moles metal and corresponding- amounts of anionic 

20 groups/ anion precursors are presently preferred. Since 
the conversion of the metal source to the metal salt is 
almost free of any loss, a high production rate, only de- 
pendent on the solubility- of the starting materials, the 
viscosity of the solution to be sprayed and the noz- 

25 zle/bumer capacity is obtained.. By adding at least 1 

anionic group per 3 metal atoms /ions, the conversion to a 
metal salt of the present invention and not a metal oxide 
is achieved. 

In order to bring the nanoparticle manufac- 
30 ture from the pilot- scale production to an industrial 
scale synthesis (kg to ton quantities), some additional 
problems are to be faced. The most prominent is the 
choice of readily accessible metal precursors that allow 
sufficiently high production rates. The present invention 
35 links the manufacture of nanoparticles to specific metal 
containing products and anion sources, as well as option- 
ally specific solvents. Besides of the specific selection 
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of Starting materials, production rate is also influenced 
by the burner. Using nrultiple arrays as described in WO 
02/061163 entails problems with maintenance, nozzle clog- 
ging, space, reproducibility and others. Thus it is much 
5 preferred to use few burners to make the same quantity of 
powder, preferably common oil burners , Oil burners with 
well above 100 kg oil/h are available and thus they are 
well suited for high production rates , As it will become 
apparent within this invention, such a burner can (with- 

10 out any scale-up) achieve amounts" of 8 kg Ca3(P04)2 or 9 
kg hydroxyapatite particles per hour (for 100 kg 
feed/hour) . With scale-up amounts of about 12 or 13 kg, 
respectively, are expected. Commercially available oil- 
burners suitable to convert the here described liquid 

15 into corresponding metal salts are - to only mention a 
few - available from Vescal AG, Heizsysteme, Industries- 
trasse 461, CH-4703 Kestenholz under the designation of 
0EN-151IiEV, or: OEN-143IiEV, or OEN-331IiZ to OEN-334LZ. 

Hie method of the present invention can also 

20 be applied foar the production of siobstoichiometric metal 
salts- In such production, the flame coinprises insuffi- 
cient oxygen for full combustion or conversion of the re- 
actants. Thus, subs toichiome trie means that e.g.. a metal 
is present in. different oxidation states. 

25 The metal salt as-prepared (as-prepared des- 

ignates a product- directly after high temperature produc- 
tion, in particular directly after the burner/ flame) may 
coirrprise some carbonate. In case that less or no. carbon- " 
ate is desired, a. heat treatment, optionally in the pres- 

30 ence of humidity may be performed. In the case of apatite 
such treatment allows to reduce the CO2 content to close 
to zero . Suitably such treatment is performed at tempera- 
tures of from 5 00 °C to 900 °C and' a water partial pres- 
sure of 0-1 to 100 .mbar. 

35 Dependent on the CO2 removal conditions, this 

step may simultaneously act as tempering/ sintering proce- 
dure, or a separate tempering /sintering procedure may be 
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provided. By such, tenperature treatment, the crystal 
structure may be influenced and/or a percolating, product 
with specific features may be obtained. Suitable sinter- 
ing methods can be fo\md by applying the analytical meth- 
5 ods described below in connection with calcium phosphate 
(Ca/P) samples- Such methods comprise mercury porosimetry 
and nitrogen adsorption (BET) such as outlined in Rigby 
et al. (2004)^° for determining the specific surface area 
and pore size and pore structure analysis. Further meth- 

10 ods are transmission electron microscopy (TEM) and scan- 
ning electron microscopy (SEM) for morphological studies, 
Fourier transform infrared (FTIR) spectroscopy and X-ray 
diffraction for product characterization, as well as dif- 
ferential thermal analysis (DTA) for monitoring tempera- 

15 ture dependent changes , 

A further aspect of the present invention is 
a metal salt, in particular a metal salt obtainable by 
the above described method. 

Metal salts of the -present invention comprise 

20 the following features: 

They have a BET equivalent diameter as- 
prepared in the range of 5 to 200 nm, preferably of about 
20 nm. In specific cases, larger than 20 nm diameters 
such as 50 nm or 100 nm are obtained, especially if the 

25 melting- point of the corresponding salt is below 1000 

Purthearmorp.., the salts of the present inven- 
tion are characterized in that they usually do not re- 
lease more than 7.5 wt% water upon heating to 900^C at a 
heating rate of 10 °C per minute. Preferably, they have 
' 30 less than 5 wt% water release, most preferred less than 
4-5 wt% water release. 

The salts of the present invention usually 
release more than 90 wt% of all water upon heating to 
500°C at a heating rate of 10°C per minute. Preferably, 

35 upon heating to 40 0°C, most preferably upon heating to 
350°C. The water release curve (see e.g. Figure 5) sup- 
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ports the assuiirotion tliat water is only present adsorbed 

on tlie surface . 

The water release criteria markedly distin- 
guish the material of the present invention from wet 
phase material. Such material slowly releases water in a 
large temperature range of several hundreds °C. The re- 
lease curve of wet phase product supports the assxmrption 
that water is incorporated within the crystal lattice 
such that it is kept much stronger. 

Dependent on the preparation method final, 
sintered products with different morphology and bulk den- 
sity (measured according to DIN ISO 697 (1984-01)) are 
obtained. The bulk density of e.g. wet-phase prepared 
amorphous tricalciiamphosphate is often higher than 500 
kg/m3, whereas the product produced by the method of the 
present invention is in the range of 100 to 300 kg/m^ . 
The bulk density of alpha-tricalciumphosphate or beta- 
tricalciumphosphate produced by state of the art high 
temperature solid state reaction is in the range of 1000 
to 2000 kg/m3 whereas respective products produced by the 
method of the present invention have bulk densities of 
below 800 kg/m3 for beta-tricalciiutphosphate and below 
500 kg/m^ for alpha- tricalciiamphosphate.. 

The specific surface , area (measured by nitro- 
gen adsorption at -196°C according to the BET-method). of 
state of the art alpha-tricalciumphosphate is below 2 
m2/g, whereas alpha-tricalci\mtphosphate produced accor- 
ding to the present invention has more than 3 m^/g, often 
and preferably more than 5 m2/g and more preferably more 
than 8 m^/g. The specific s\irface area of state of the 
art beta-tricalciumphosphate is below 0.8 m2/g, whereas 
beta-tricalciumphosphate of the present invention has mo- 
re than 1 m2/g, often and preferably more than 1.5 m2/g 
and more preferably more than 2 m^/g. 

Preferred metal salts of. the present inven- 
tion are biomaterials . 
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Such metal salts may be used in medical ap- 
plications, e.g. as bone cement and/ or resorbable mate- 
rial for implants, as additive to tooth pastes, e.g. as 
fluoride source and/ or abrasive aid, as fluoride source 
in foodstuffs, e.g. chewing gums, sweets and table salt, 
as catalyst support, as molecular sieve, as filler for 
polymers, as UV stabilizer and/or degradation activator 
in biodegradable or bioresorbable materials. 

Brief Description of the Drawings 

The invention will be better understood and 
objects other than those set forth above will become ap- 
parent when consideration is given to the following de- 
tailed description thereof, Such description makes refer- 
ence to the annexed drawings, wherein: 

Figure lA shows the flame of a 2 -phase nozzle 
burner where a spray of metal containing liquid is dis- 
persed and igpiited- The burning spray is the reactor it- 
self. Particles form from this hot gas and can be col- 
lected on top of. the bxuraer • 

Figrure IB is a schematic presentation of. the 
flame indicating the material streams. 

Figure 2A is the picture of tricalcitim phos- 
phate as -prepared, i.e. before' sintering. 

Figure 2B shows the reduction in specific 
surface area due to thermal treatment of as-prepared ma- 
terial as shown in Figure 2A. 

Figure 3 shows transmission electon micros- 
copy pictures (left two pictures) and scanning electron 
microscopy images (right two pictures) of calcium phos- 
phate (Ca/P = 1.5) after sintering at 700 °C (top two 
pictures) and after sintering at 900 °C (bottom two pic- 
tures) . 

Figure 4 shows the differential thermo analy- 
sis (DTA) data of Ca/P=1.5 samples with different ex- 
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cesses in P and Ca in a temperature range from RT to 
1320°C and at a heating rate of 10°C/inin (left side) and 
the X-ray diffraction pattern of some Ca/P samples after 
thermal treatment at specific teirperatures (right side) . 
5 Figure 5 shows the theromographimetric analy- 

sis (TG, top graph) of a Ca/P= 1.67 sample and the corre- 
sponding differential scanning calorimetric trace (DTA, 
top graph) with a single exothermic peak showing the cry- 
stallization of the sample. The bottom graph depicts car- 
lo bon dioxide {CO2) and water (H2O) evolution as measured 
simultaneously by a mass spectrometer that was coupled to 
the TG/DTA analysis. This setup allows simultaneous de- 
tection of crystallization, gas release and mass loss. 

Figure 6 shows Fourier transform infrared 
15 (FTIR) spectra of samples with different Ca/P ratio as- 
prepared and after treatment at 7 00°C 

Figure 7 shows FTIR spectra of samples with 
different Ca/P ratio after calcination at 900^C for 30 
minutes . 

20 Figure 8 compares the XRD pattern of several 

apatites as -prepared and after temperature- treatment at 
700OC. 

Figure 9 compares the FTXR spectra of hy-- 
dro3cyapatite, hydroscyfluor apatite and. fluorapatite after 
25 calcination at 700^C\ 

Figure 10 shows the formation of different 
calcium phosphates dependent on the Csl/'P ratio after cal- 
cination at 700°C for 30 minutes. 

Figure 11 shows the formation of different 
30 calciimi phosphates dependent on the Ca/P ratio after cal- 
cination at 9 0G°C for 3 0 minutes. 

Figure 12 shows that in magnesium doped tri- 
calcium phosphate containing 1 atom-% Mg with respect to 
calcium no separate phase is visible and the XRD pattern 
35 corresoponds to alpha-TCP (after 7 00 °C sintering) or 

beta-TCP (after 900 °C sintering) . This corroborates the 
good dispersion and incorporation of Mg in the lattice. 
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Figuxe 13 shows that in niagnesiuin doped apa- 
tite containing 1 atoin-% Mg with respect to calcivm no 
separate phase is visible and the SRD pattern correso- 
ponds, to hydroxyl apatite (after 700 °C sintering) and 
5 remains stable (after 900 sintering) . This corrobo- 
rates the good dispersion and incorporation of Mg in the 
lattice . 

Figure 14 shows that in zinc doped tricalcium 
phosphate containing 1 atom«% Zn with respect to calciimi 
10 no separate phase is visible and the XRD pattern corre- 
sponds to alpha-TCP (after 7 00 °C sintering) or beta-TCP 
(after 900 °C sintering) . This corroborates the good dis- 
persion and incorporation of Zn in the lattice. 

Figure 15 shows that in zinc doped apatite 
15 containing 1 atom-% Zn with respect to calcium no sepa- 
. rate phase is visible and the XRD pattern corresponds to 
hydroxyl apatite (after 700 °C sdLntering) and remains 
stable (after 900 °C sintering) This corroborates the 
good dispersion and incorporation of Zn in the lattice. 
20 Figure 16 shows that the XED pattern for cal- 

cium carbonate nanoparticles prepared by flame spray syn- 
thesis corresponds to calcium carbonate with some inpu- 
rity of calcium oxide- These particles of the invention 
are made in a single step from calcium octoate in a flame 
25 spray burner . 

Figurf=» 17 shows the XRD of aniiydrite (calcium 
sulfate) nanoparticles, obtained by feeding calcixim oc- 
toate and dimethyl sulfoxide (DMSO) into a flame spray 
burner. Small amounts of calcium oxide are present. 

30 

Modes for Garir^^ing Out the Invention 

35 The invention is now further described for 

calcium phosphates, in particular calcium phosphates that 
are suitable as biomaterials . 
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In the scope of the present invention it has 
been fotind that flame synthesis offers a most versatile 
tool to inaterials that due to the resulting morphology, 
the high purity and the obtainable high crystal phase 
5 content are applicable as biomaterials . Furthermore, the 
direct gas-phase process allows facile substitution of 
both cations and anions . 

Reproducible preparation of tricalcium phos- 
phate (Ca/P=1.5) and different apatites (Ca/P=1.67) of- 

10 fers a challenge to conventional methods. By the inven- 
tive method materials with an accurately defined calcium 
to phosphorous molar ratio Ca/P ranging from 1.425 to 
1.67 are obtainable. Such materials optionally may be 
doped with other anions or cations such as magnesioam, 

15 zinc, baz-ium, gadolinium, silicate, sulfate or fluoride. 
Tricalcium phosphate samples with an excess of either 
calcium or phosphorous are designated with their addi- 
tional atomic fraction in respect of the stoichiometric 
saii5)le (stoichiometric- sample Ca/P=1.5) . Tricalcium phos- 

20 phate with an excess of calcium (Ca/P>1.5) is marked e.g. 
"+2.5at%Ca", and tricalcium phosphate with an excess 
phosphorous (Ca/P<1..5) is marked e.g. "+2 . 5at%P" . A com- 
parison of the Ca/P ratio and the respective at% is shown 
in Table 1. . 

25 . 

Table X. 



Theoretical Ca/P molar ra- 
tio 


expressed as additional 
at% over stoichiometric 


1.425 


+5at%P 


1.4624 


+2.5at%P 


1.485 


+lat%P 


1.5 Cas (P04)2 


stoichiometri c 


1.515 


+lat%Ca 


1.5375 


■¥2 ,5at%Ca 


1.575 


+5at%Ca 


1 . 67 (hydroxyar)atite) 


+11 . lat%Ca 
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The desired cornpositioii/ i.e. fluorapatite 
(FAp) , hydroxyfluoapatite (OHFAp/HFAp) and/or any doping 
5 can be obtained by adini:}d.ng the respective anions or ca- 
tions to the initial solution. 3y e.g. admixing magnesium 
octoate, zinc naphthenate, trif luoracetic acid or mix- 
tures thereof to the calcium and phosphate precursor so- 
lution, magnesium and/or zinc doped materials and/or 

10 fluorapatite {Ca£o ( PO4) 5F2) or hydroxyf luor apatite " 

(Caio (PO4) 6 (OH) F) can be manufactured in a single step. Be- 
yond doped calcium phosphate, also pure metal salts' of 
other metals than calcium can be obtained by the same 
method. Similarly, metal salts with an anion other can 

15 phosphate can be made. Examples of other materials are 
calcium carbonate (limestone) nanoparticles or anhydrite 
nanoparticles (CaS04) which are described , in the experi- 
mental section. 

Spherical r highly agglomerated particles of 

20 10-30 nm diameters (Fig. 2A) can be collected after syn- 
thesis- Thermal stability and evolution of different 
crystal phases can be monitored by nitrogen adsorption 
(BET) and X-ray diffraction (XRD) . Samples typically 
start with. 90 m^ g""*" (BET equivalent diameter 2 0 nm) and 

25 calcination results in a steep decrease of specific sur- 
face area around 600°C showing the onset of strong sin- 
tering and crystallisation. While a slight excess of 
phosphorous (+lat%P) has no significant influence on the 
thermal stability of tricalcium phosphate (Ca/P=1.5) , hy- 

30 droxyapatite (Ca/P=l-57) is considerably more stable and 
maintains above 15 m^ g~^ at 900°C. Half (Caio (PO4) e (OH) F) 
and fully (Caio (PO4) 6F2) substituted fluorapatite were more 
resistant to sinteriiig than unsubstituted hydroxyapatite - 
. In vivo histological behavior of biomaterials 

35 can be determined by morphology and phase coirrposition. 
Macropores (diameter > 100]jm) have been found to provide 
a scaffold for bone cell colonization-^^ and therefore fa- 



16 

vour bone ingrowth^'''". The content of micropores (diame- 
ter < lOiJin) is given by tlie preparation metliod and the 
temperature and duration of sintering. Interconnective 
microporosity guarantees body fluid circulation and is 
5 even believed to be responsible for the observed osteoin- 
ductive properties of certain biocerainics Electron 
microscopy images of Ca/P=1.5 prepared by the inventive 
method after calcination at 700 °C (Fig. 3, pictures a 
and b) revealed that the material had fused together 

10 building clearly visible sinter necks. This sintered 

product preserves a high porosity with a primary particle 
size of about 100 nm. Sintering at 900 "C (Pig. 3, pic- 
tures c and d) results in much larger primary particles 
of approximately 0.5 pm in diameter. The highly regular 

15 structure with intercoimecting micropores provides both 
sintered products with excellent resorption properties 
and furthers the induction of bone formation in vivo. 
Such structures are also described as percolating phases. 

As -prepared calcium phosphate consists of 

20 amorphous nanoparticles indicating that the fast cooling 
after the formation in the flame did not allow the mate- 
rial to crystallise. In the scope of the present inven- 
tion, it has now also been found that such amorphous cal- 
cium phosphate can be heat treated at different tert5)era- 

25 tures to crystallize in a selected crystallinic. phase in 
high selectivity/p-urity . The presence of a. glassy struc- 
ture of the product as-prepared has been confirmed by 
differential thermal analysis . A coupled mass spectros- 
cooy (DTA-MS) apparatus allowed" sixmaltaneous detection of 

30 desorbing water and carbon dioxide. The combination of 
DTA and XKD patterns (Fig. 4) allows to confirm crystal- 
lization and phase transformations. The exothermic peak 
around 600°C correlates, to the crystallization of the 
amorphous material. The sanple +l%atCa, amorphous at 

35 500°C (Fig. 4, label 1) , crystallizes to meta-stahle a- 
TCP^^, of ten' referred to as a '-TCP (Fig. 4, label 2). At 
915 cx'-TCP transforms into the thermodynamically fa- 
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voTired p-TCP (Fig. 4, label 3) . At 1190^0, p-TCP trans- 
forms back into tiis high-temperature polymorph a-TCP. 
Adding excess phosphorous to the Ca3(P04)2 stoichiometry 
(Ca/P=1.5) provokes the formation of pyrophosphate 
Ca2P207 . Crystallization of a-dicalcium py-rophosphate re- 
sults in a second peak at 69Q^C slightly above the crys- 
tallization of tricalcium phosphate (Fig. 4 label 4) . The 
ratio of pyrophosphate to TCP follows the stoichiometsry . 
Minute amounts of pinrophosphate are present in the stoi- 
chiometric sample (Ca/P=l. 5)-,. they fully-vanish with a 
slight calcium excess (+lat%Ca) . For all saitples a change 
in weight due ,fco absorbed water on the high-surface mate- 
rials was detected by thermo-gravimetry (TG). below 520°C. 
Unlike calcium pbosphates prepared by wet-phase chemis- 
try, the weight loss of flame-made Ca/P ceramics does not 
exceed 4%. The Ca/P=1.67 sample crystallises above 600°C 
(Fig, 5 top) to hydroxyapatite (XRD pattern. Fig. 8) . No 
further phase trans foirmat ion or decomposition was de- 
tected up to 1250 °C. A second weight loss (2%) occurTred 
between 500 °C and 950 °C (Fig. 5 top) . This weight loss 
correlates to the release of CO2 (Fig. 5 bottom) and. was . 
already previously attributed to the decomposition of . 
carbonate in apatite^^'^*^ . The presence of carbonate re- 
sults in absorption peaks between 1490 cm""^ and 1420 cm"^ . 
and aroimd 870 cm"*^ in the Foxirier transform infrared 
(FTIR) spectra^®'^^ (Fig. 6). The as-prepared Ca/P=1.5 sam- 
ple does not show any of these carbonate absorptions . 
Broad unresolved absorption bemds of phosphate around 
1060 cm"^ and 580 cm"^ verify the amorphous structure of 
the materials after preparation (Fig. 6) . Clear absorp-... 
tion peaks are obtained after crystallisation and corre- 
spond to hydroxyapatite^° for Ca/P=:l-67 and to a'-TCP^^ 
for +lat%Ca. Weak water absorption bands are found around 
3400 cm""^ and 1660 cm"""^ with varying intensity. The cri'-s- 
tallised hydroxyapatite still shows minor absorption 
bands between 155 0 cm'"^ and 1400 dn"' due to residual car- 
bonate^® From the TG curves the carbonate content can 
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be calculated and was f oiond to be 6.5 wt% CaC03 which is 
similar to the carbonate content (3-8 wt%) in human 
bone^^'-^^. Carbonate increases the solubility of hydroxy- 
apatite and results in enhanced biodegradatxon ' . 
5 The evidence of calciimi pyrophosphate in bio- 

materials is routinely done by FTIR spectroscopy. Spectra 
of the samples calcined at 900°C (Fig. 7) indicating the 
presence of Ca2P207 from DTA/XRD measurements show vez-y 
sharp peaks underlining the high crystallinity of the ma- 

10 terial.'The peak group in the range "of .1215 cm"^ to 1140 
cm'^ and two clear peaks at 727 cm*"^ and 496 cnC^ , to be 
best seen in the sairtple +2.5at%P, correspond to p-calciuiEi 
pyrophosphate {|J-Ca2P207) absorption bands and are consis- 
tent with literature^®"^^ . A continuous decrease of absorp- 

15 tion for these bands is seen by decreasing the phospho- 
rous content. Xn agreement with DTA measurements the py- 
rophosphate present in the sanple is determined by an ex- 
cess of phosphorous in the precursor. Consequently, the 
suppression or promotion o£ the formation of calciimi py-. 

20 rophosphate can be accessed by varying the Ca/P ratio in 
the precursor. No Calcium, pyrophosphate was detected in 
the sample +lat%Ca.by DTA and FTIR, where the inf raxed: 
spectrum matches well with the one of p-TCP^^'^^. 

The formation of a specific product is de- 

25 pendent on the Ca/P ratio as well as of the calcination 
temperature (see Figures 10 and 11) . Almost .pure, alpha- 
tricalcium phosphate is obtained at a Ca/P ratio slightly 
above 1.5 but below 1.55 and 30 minutes calcination, at- 
700°C (Fig. 10) . Almost pure hydrossyapatite is obtained. 

30 at a Ca/P ratio of about 1.67 and 30 minutes calcination 
at 700°C (Fig. 10) - For the production of almost purs 
beta-tricalcium phosphate the same Ca/P ratio can be cho- 
sen as for the production of alpha- tricalcium phosphate, 
but the calcination texrrperature has to be enhanced to 

35 900°C (Fig. 11) . 



Table 2 



Sample name 


Theoretical Ca/P 
ratio 


Measured Ca/P 
. . ratio 


error 


Ca/P=1.5 


1.500 


1.50 


0. 01 


+lat%Ca 


1.515 


1.51 


0.01 


Ca/P=l. 67 


1.667 


1. 64 


0. 01 


Commercial 


1.500 






ref . (see below) 









Commercial reference examples are e.g.: 
-CalciResorb (manufactured by C6raver 
5 Osteal) / characterised by FTIR and XHD: TCP content >96 

wt%, less than 4 wt% Hydroasyapatite. Composition: 1, 48 < 

Ca/P < 1,51. 

-Biosorb (SBM more than 95 wt% TCP, 

Composition: 1, 49 < Ca/P < 1,51. 
10 - -Bioresorb (Oraltronics) , phase pure (>95 wt% 

TCP) . 

The application of calcium phosphate biomate- 
rials is not restricted to hydroxyapatite and tricalcium 
phosphate. Recent studies about alternative calcium phos- 

15 phate. materials have focused on fluoride substituted hy- 
droxyapatite ./ As shown above, fluoride sulDstituted apa- 
tites can easily be obtained by the method of the pesent 
invention. Differentiation of fluorapatite and hydroxy- 
f luorapatite from hydroxyapatite can be done by FTIR 

20 spectroscopy. Spectra of the three apatites after calci- 
nation at 700°C are shown in Fig. 9. Fluoride comprising 
apatites, due to them being neutral with regard to cal- 
cium content in the animal body, can not only be used as 
substitutes for fluorapatite but also as a non-toxic 

25 fluoride source. 

By adding a magnesium soujrce such as magne- 
sium octoate in desired amounts (e.g. 1 at-%) to the pre- 
cursor mixture for the preparation of tricalciumphos- 
phats, the corresponding doped calcium phosphate poly- 

30 morph phases can be prepared without phase segregation 
such as the segregation of MgO rich phases. Thus, by the 
method of the present invention phase pure magnesium 
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doped metal salts, s-uch as amorphous tricalciuirrpholpliate, 
alpha- tricalciumpholphate, beta-tricalciunrpholphate, or 
apatites, can be produced (see Fig. 12 and Fig. 13) . 
Similar results are obtained using a zinc source such as 
5 zinc naphthenates or zinc octoates (see Fig. 14 and Pig.- 
15) . 

Other metal salts can be obtained as de- 
scribed above for calcium and phosphate coiiiprising salts. 
By e.g. using a calcium source such as calcium octoate 
10 and a carbonate source such as a hydrocarbon or the cal- 
cium octoate itself, calciumcarbonate is obtained (see 
Fig. 16) and by using the above described calcium source 
together with a sulfate source, e.g. dimethyl sulfoxide 
(DMSO) , calcium sulfate is obtained (see Fig. 17). 

15 

Rxamples 

Powder pareparation 

Calcium phosphate biomaterials were prepared 
.20 by flame spray pyrolysis using calcium oxide (99.9%, Al- 
drich) dissolved in 2-ethylhexanoic acid (punrom. , ^98%, 
Fluka) and tributyl phosphate (puriss., ^99%,.Fluka) as 
precursors- The calciina content of the Ca precursor was 
determined by coit5)lexometry With ethylenediaminetetraace- 
25 tic acid disodium salt, dihydrate (ref.) (^99%, Fluka) to 
be n,768 mol kg'^. Starting from a parent solution (38 ml 
per run) with a calcium to phosphorous molar ratio (Ca/P) 
of 1.5, the various mixtures ranging from 

1.425^Ca/P^l- 567 have been obtained by adding correspond- 
30 ing amounts of either calcium 2-ethylhexanoate or tribu- 
tyl phosphate. For the half (Caio (PO4) sOH F) and fully 
(Caio(P04)6F2) fluorine substituted hydroxyapatites, tri- 
fluoroacetic acid (>99 %, Riedel deHaen) has been corre- 
spondingly mixed with precursors having a molar ratio of 
35 Ca/P=1.67. Throughout all the esroeriments the concentra- 
tion of the precursor solutions was kept constant (0.667 
mol L'^) by adding ^cylene (96%, PJ-edel deHaen). The liquid 
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xaixtures were fed through a capilla2ry (diameter 0.4 mm) 
into a methane /oxygen flame at a rate of 5 ml min' . Oxy- 
gen (5 L min"^, 99.8%, Pan Gas) was used to disperse the 
liquid leaving the capillary. The pressure drop at the 
5 capillary tip (1.5 bar) was kept constant by adjusting 
the orifice gap area at the nozzle. A stable coinbustion 
was achieved by applying a sheath gas (oxygen, 23 0 L h"^, 
99.8%, Pan Gas) through a concentric sinter metal ring 
(see Fig. lA, IB) - Calibrated mass flow controllers 

10 (Bron3chorst) were used to monitor all gas flows. The as 
formed particles were collected on a glass fibre filter 
(IWhatmann GF/A, 15 cm in diameter) which was placed on a 
cylinder mounted above the flame by the aid of a vacuum 
-pvarrp (Vaccubrand) . Thermal treatment (30 min at specified 

15 temperature) was conducted in a preheated laboratory fur- 
nace (Thermolyne Type 48000) followed by cjuenching in air 
at ambient conditions . 

Powdec: cliaracte3rlza.t;xoxx 

20 The specific surface area of the powders was 

- analyzed, on a. Tristar (Micromeritics Instruments) by ni- 
trogen adsorption at 77 K using Brunauer-Emmett-Teller 
(BET) method. All sainples were outgassed at 150 °C for 1 
hour. The X-ra^r diffraction spectroscopy (XKD) data were 

25 collected on a. Burker D 8 Advance dif f ractometer from 20 
° to 40 ° at a step size of 0 . 12 ° and a scan spised of 
2.4 ° min""^ at ambient condition. For Fourier transform 
infrared (FTIR) spectroscopy^ pellets of 200 mg KBr 
(^99.5 %, Fluka) and 0.5-0.7 mg sample were prepared and 

30 dehydrated in a drying furnace (VT 6025, Gerber Instru- 
ments) at 80 °C / <10 mbar for at least 8h before exami- 
nation (400 cm"^<A<4000 cm*^) on a Perkin Elmer SpectCTim 
BX (4 scans) with 4 cm'^ resolution. Elemental analysis 
was performed by laser ablation ion-coupled plasma mass 

35 spectroscopy (LA-ICP-MS) . Samples were pressed into 

plates and irradiated with an excimer laser (Lambda Phi- 
syk Compex 110 I; ArF, 193 irni, pulse energy 150 mJ , fre- 
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quencv 10 Hz) . The vaporized material was carried by a 
helium stream to an ICP mass spectrometer (Perkin Elmer 
Elan 6100) and analysed for calciiim and phosphorous. As 
an internal standard a fluorapatite (Durango) was used. 
5 The transmission electron microscopy (TEM) pictures were 
recorded on a OOO ST (Philips, LaBs cathode, operated at 
300 kV, point resolution ~ 2 A) . Particles were deposited 
onto a carbon foil supported on a copper grid. Scarcaing 
electron microscopy (SEM) investigations were performed 
10 with a Leo .1530 Gemini (Zeiss) . 



Detailed preparation example 

111 g calcium oxide (Aldrich, >99 %) are dis- 

15 solved in 1980 g 2-Ethylhexanoic acid (Fluka, 99%) and 20 
lal of acetic anhydride (Fluka, > 99%) by heating the inix- 
toire to 140 °C imder reflux. After cooling some remaining 
calcium acetate is removed by decanting the clear solu.- 
tion. After adding toluene, a 0.768 M solution is ob- 

20 tained as determined by titration using Ethylendi amine- 
tetraacetate-disodium salt (Fluka, 99 %) and. Eriochrom- 
schwarz-T as an indicator (Fluka, > 95%) . 

0.685 kg of the above solntion (stable at 
room, temperature for at least 3 month) are mixed with 

25 93.44 g Tributyl -phosphate (Fluka, puriss, >99 %) and 
toluene added to a total volume of 1 liter at room tem- 
perature (29 8 K) . For a single run, 3 8 ml of this solu- 
tion are mixed with 2 ml toluene and flame sprayed. Com- 
bustion enthalpy of such a precursor liqraid is above 25 

30 kJ/g and the viscosity below 10 mPas - 

All materials described herein have been pre- 
pared at a liquid flow rate of 5 ml/min using a disper- 
sion gas (oxygen, Pan Gas, >99 . 8 %) f low of 5 liters/min. 

While all products obtainable by the method 

35 of the present invention have a lot of applications, e.g. 
as catalyst support, as molecular sieve, as filler for 
polymers and/ or as UV stabilizers, due to their natural 
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occurrence in human and non tiuinan aniinals, in particular 
mammals, the calcium phosphates described above, are much 
preferred for some applications, e.g. 

_ in dental and medical applications, alone 
or together with other siabstances such as preferably bio- 
polymers, such applications comprising the application as 
bone cement and/ or resorbable material for iirplants, as 
implant coatings, in the repair of bony defects or peri- 
dontal defects, as bone space filler etc., 

- as additive to tooth pastes, e.g. as fluo- 
ride source and/ or abrasive aid, 

- as fluoride source in foodstuffs, e.g. 
chewing gums, sweets and table salt, 

- as degradation activator in biodegradable 
15 or bioresorbable materials • 

In medical applications such as dLmplants and 
bone cement, the product produced according to the pres- 
ent invention is favorable since it can easily be ob- 
tained in high purity, and since it can be sintered to 

20 form a product with desired percolating phases (intercon- 
nected pores) , probably due to the extremely light and 
open storucture of the aerogel that is used as a starting^ 
material. Combined with low amounts of water, few sinter- 
ing and a reduced volume loss coirpared to conventionally^ 

25 prepared powder assure a maximum degree of interconnected 
porosity. An other great advantage of the materials pro- 
duced by the method of the present invention is that they 
can be doped with e.g. barium and/ or gadolinium such that 
the degradation of a- bioresorbable material can be con- 

30 trolled by -non- invasive methods such as X-ray imaging or 
nuclear magnetic resonance imaging. 

As ingredient to tooth pastes in particular 
fluorapatite is preferred. It is known that hydroxide- 
fluoride- exchange in apatite is very fast such that 

35 fluorapatite can replace the hitherto used fluoride 

source in tooth pastes- Since, however, fluorapatite is 
"calcium neutral", i.e. does not affect the calcium con- 
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tent of the body, in particular the teeth and the bones, 
the amount of it is tmcritical such that it can be added 
in much higher amounts than other fluoride sources and 
simultaneously act as e.g. abrasion aid to improve the 
5 plaque removal. 

The above addressed benefit of fluorapatite 
also applies with regard to foodstuffs. With hitherto 
available fluoride sources only ve2ry specific foodstuffs 
such as table salt and water, the maximal intake of which 

10 by a person can be estimated, could be fluoride enriched. 
By using fluorapatite, in view of its being non toxic 
even in large amounts and its fluoride release properties 
exclusively making up for a fluoride deficiency in body 
apatite, a lot of foodstuffs can be supplemented such as 

15 e.g. chewing gums, candies, sweets but also the already 
hitherto fluoride enriched table salt and drinking water. 
The supplementation of such foodstuffs as chewing gums, 
candies, sweets (including snacks, cakes, chocolate: etc..) 
and salted snacks, yogurts, and other foodstuffs that are 

20 largely consumed during the day when tooth cleaning may 
be impossible, is much desirable in view of tooth health.. 

Microorganisms necessary for biodegradation 
of e.g. biodegradable polymeric materials often need a 
large amount , of specific ions such as calcium and phos- 

25 phate . Due to the inventive production method, not only 
large amounts of nanoparticulate calciimi and phosphates 
comprising compounds can be obtained, but also doped: ma- 
terials that can be adapted with regard to solubility 
(e.g. by some CO2 in an apatite) and content of further 

30 desirable metals other than calcium. 

The products of the present invention in gen- 
eral do not segregate and they improve the flowabil- 
•ity /pour ability. Thus, they have similar fields of appli- 
• cations as the product AEROSIL® of Degussa. 

35 The products of the present invention can 

e.g. be used to improve the pourability of e.g. table 
salt, but also to improve the flowability of tooth pastes 
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or of a solid component in a manufacturing process, e.g. 
an additive in the polymer manufacturing or a spice mix- 
ture in the snack production etc. Other applications are 
as rheology or thi:jcotropy improving agents, as mechanical 
5 stability; DV resistance or other features improving ad- 
ditives, as admixtures or fillers not only in biodegrad- 
able but also in common plastics. 

If suitably doped (for example by adding sil- 
ver ions into the material) , the products of the present 
10 invention can also be provided with antibacterial fea- 
tures making them suitable for antibacterially equipped 
polymers or polymer's comprising products such as coat- 
ings, paints, adhesives etc. 

15 While there are shown and described presently 

preferred embodiments of the invention, it is to be dis- 
tinctly understood that the invention is not limited 
thereto but may be otherwise variously embodied and prac- 
ticed within the scope of the following- claims.. 
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